Among a collection of 74 aprt mutations induced by treatment of plateau phase Chinese hamster ovary CHO cells with the radiomimetic DNA double-strand cleaving agent neocarzinostatin, nine were largescale rearrangements. Molecular analysis indicated that all nine were highly conservative, non-homologous reciprocal exchanges, most of which were intrachromosomal as determined by fluorescence in situ hybridization. All but one of the parental sequences contained potential double-strand cleavage sites positioned such that the observed rearrangements could be explained by drug-induced double-strand breakage followed by trimming, templated patching and ligation of the exchanged ends. Predicted noncomplementary 3′ overhangs were often preserved in the newly formed junctions, suggesting alignmentbased fill-in of the overhangs. Banding of metaphase spreads of these mutants, and of a number of mutants induced by the functionally similar compound bleomycin, revealed that bleomycin-induced reciprocal exchange mutants had multiple additional chromosome alterations and considerable chromosomal heterogeneity within each mutant line. In contrast, neocarzinostatin-induced reciprocal exchange mutants, as well as bleomycin-induced base substitution and single base deletion mutants, retained stable pseudodiploid karyotypes similar to that of the parent line. Thus, some reciprocal exchanges arising from misjoining of double-strand breaks were associated with global chromosomal instability, while other ostensibly similar events were not.
INTRODUCTION
In mammalian cells, radiation and other DNA-cleaving agents induce a variety of both stable and unstable chromosome aberrations, at least some of which probably result from errors in repair of double-strand breaks (DSBs). In particular, misjoining of the exchanged ends of two such breaks on different chromosomes may account for many if not most of the reciprocal translocations and dicentric chromosomes induced by these agents (1) (2) (3) (4) . However, it has also been shown that, following treatment with radiation or radiomimetic drugs, a subpopulation of the progeny cells acquire a persistent global chromosomal instability and continue to accumulate additional chromosome alterations many generations after treatment (2, 5, 6) . Although the mechanism of this delayed effect is not known, it is generally agreed that the effect cannot be due to residual radiation-induced DNA damage, because such damage, even if not repaired, would be diluted out as the cells proliferated. Thus, the persistence of these presumably indirect genomic effects raises the question of whether even the early chromosome alterations that occur in the first few generations after treatment might be due to an induced global chromosome instability, rather than to the misrepair of DSBs.
In an attempt to distinguish between these possibilities, we previously analyzed aprt mutations induced by treatment of CHO-D422 cells with bleomycin in plateau phase. The mutations included several large-scale rearrangements (7) , and by a combination of ligation-mediated PCR, DNA sequencing and fluorescence in situ hybridization, we showed that these rearrangements were highly conservative reciprocal translocations between aprt and unrelated sequences on different chromosomes (the one exception being a qualitatively similar three-way exchange; 8). Moreover, each translocation breakpoint corresponded to an expected double-strand cleavage site, strongly suggesting that the translocations did indeed result directly from the misjoining of the exchanged ends of two DSBs. In some cases, it was possible to reconstruct the breakage and repair events at single nucleotide resolution.
Neocarzinostatin (zinostatin, NCS) is a member of the enediyne family of radiomimetic natural products. Like bleomycin, zinostatin induces free radical-mediated DSBs, but the breaks differ in chemistry, geometry and sequence specificity from those induced by bleomycin (9, 10) . In an attempt to determine in detail whether and how these breaks are misjoined, zinostatin-induced aprt rearrangements were likewise analyzed at the chromosome and DNA sequence levels.
MATERIALS AND METHODS
Cell lines with rearranged aprt genes were from a mutant collection generated previously by treatment of confluencearrested CHO-D422 cells (hemizygous for aprt) for 2 days with low concentrations of zinostatin (11) . DNA for molecular analysis was prepared from each mutant approximately 30 cell divisions after isolation. Cytogenetic analysis was performed between 30 and 40 cell divisions after isolation.
Following PCR-based mapping (12) , each rearrangement breakpoint was amplified by nested ligation-mediated PCR, using as a template MboI-or Tsp509I-cleaved mutant genomic DNA ligated to BamHI-or EcoRI-cut pUC19 (13) . A third inner nested aprt primer was end labeled and used to sequence the resulting PCR product across the breakpoint. To determine whether the two sequences which had become linked to aprt in each mutant were themselves linked in non-mutant cells (as in a reciprocal exchange), PCR was performed using DNA from the CHO-D422 parent line and a primer from each of the two non-aprt genomic sequences, with the primers directed toward each junction with aprt. The products were sized on low melting point agarose gels, in some cases isolated as single bands, and sequenced using one of the PCR primers or an internal primer. (A complete list of the more than 50 genomic primers used is available from the authors on request.)
For cytogenetic analysis and fluorescence in situ hybridization, metaphase spreads were prepared from coded cultures of each mutant cell line and Giemsa/trypsin/Giemsa (GTG) banded by standard procedures (14) . The λDM2 and λB21 probes (kindly provided by Mark Meuth, University of Utah) (15) were directly labeled with the fluorophores Spectrum Green and Spectrum Orange, respectively, using a nick translation kit (Vysis). A mixture consisting of 500 ng of each labeled probe plus 10 µg of repetitive C 0 t-1 DNA (16) from CHO-D422 cells (to suppress non-specific hybridization) was precipitated, resuspended in hybridization buffer (Vysis), denatured at 70°C for 5 min and suppression-hybridized for 1 h at 37°C. In situ hybridization was performed as described (14) , except that the slides were first denatured at 70°C for 70 s and then hybridized with the probes at 37°C for 16 h. Twenty metaphases were analyzed per cell line.
RESULTS

Zinostatin-induced aprt rearrangements are reciprocal exchanges
Of 74 independent zinostatin-induced aprt mutations analyzed, nine were large-scale rearrangements. As previously reported (12) , PCR-based mapping indicated that in each rearrangement most if not all of the aprt gene (17) was still present, but there was a small region across which no PCR products could be generated, consistent with either a large insertion or the separation of the two halves of aprt to distant genomic sites. The breakpoints of each rearrangement were then recovered by ligation-mediated PCR and ∼50-200 bp of non-aprt sequence beyond each breakpoint were determined. To recover the original non-aprt parental sequences, PCR was performed with DNA from non-mutant cells and primers from the two sequences that had been linked to aprt. In every case a prominent PCR product was obtained with a length approximately equal to the sum of the distances from each primer to the junction with aprt, and the sequences of these products were identical to the non-aprt sequences initially recovered by ligation-mediated PCR.
Thus, each rearrangement was a reciprocal exchange between aprt and an unrelated sequence (Fig. 1) . Like bleomycin-induced exchanges (7), zinostatin-induced exchanges were highly conservative; for 9 of the 18 parental sequences, every base pair of sequence was retained in one or the other newly formed junction, and only four sequences unambiguously lost >2 bp. The maximum loss was 10 bp, from the aprt parental sequence of mutant L5A.
BLASTN searches of GenBank, for sequences homologous to each non-aprt sequence, revealed that the breakpoint region of mutant E6B was nearly identical to a 50 bp sequence near the 3′ end of intron 14 of the hamster 3-hydroxy-3-methylglutaryl coenzyme A gene (one mismatch; P < 10 -27 ). The other sequences showed less extensive homology to various coding and non-coding human and rodent sequences. However, none of the sequences were identified as containing any of the common rodent interspersed repeat elements.
Junction sequences are consistent with joining of exchanged DSB ends
The most straightforward mechanism by which DNA-cleaving agents could induce non-homologous reciprocal exchanges would be misjoining of the exchanged ends of two DSBs. By comparing the known potential sites of zinostatin-induced double-strand cleavage in each parental sequence with the bases retained in each junction sequence, it is possible to assess whether any given exchange is consistent with such a mechanism. Zinostatin induces bistranded damage on a two base 3′ stagger, at the trinucleotide sequences AGT·ACT, TGT·ACA, AGC·GCT, AGA·TCT, TGC·GCA, AGG·CCT, AAT·ATT and AAA·TTT (all sequences are 5′→3′·5′→3′ and are listed in order of decreasing cleavage frequency; underlining indicates the nucleotides attacked) (12, 18, 19) . In one strand, typically the C-containing strand of NGN·NCN sequences, the target nucleotide is oxidized at the C5′ position, leaving a non-ligatable nick with 5′-aldehyde and 3′-phosphate termini. In the opposite strand, attack can be either at the C-1′ position (as at AGC sequences), resulting in a C-1′-oxidized abasic site that can break down to form a one base gap with 3′-and 5′-phosphate termini, or at C-4′ (as at AGT·ACT sequences), resulting in a one base gap with 3′-phosphoglycolate (-PO 4 CH 2 COOH) and 5′-phosphate termini (9, 10) .
Comparison of translocation breakpoints with predicted DSB sites revealed that there was not a significant excess of DSB sites at the breakpoints, as compared with the gene as a whole, and only one of the exchanges (G4A, Fig. 2B ) had a breakpoint that was unambiguously associated with an AGT·ACT sequence, which are the most prominent sites of zinostatin-induced DSBs (12, 18) . Nevertheless, with the single exception of the aprt sequence of mutant B8A, every parental sequence contained one or more potential DSB sites that could account for the observed exchanges, assuming that they arose by joining of the exchanged DSB ends (Fig. 1) . In a few cases, there was only one potential DSB site in each parental sequence that could have produced the observed junctions, and it was thus possible to reconstruct the specific nucleotide removal and fill-in events that would have been required, as shown for two of the mutants in Figure 2 . Besides the highly conservative nature of the end-processing, a striking feature of the inferred processing is the apparent preservation of 3′ overhangs in the final repair joints. Such preservation would require fill-in of the 3′ overhangs prior to ligation, presumably using the aligned 3′ terminus of the other end of the break as the primer for fill-in (as in the lower strand of the left-hand repair joint in Fig. 2B ). Such fill-in has been reproduced in human, Xenopus and hamster whole-cell extracts and shown to be strictly dependent on alignment of the two ends by the DNA end-binding protein Ku (20) (21) (22) . Of the 11 parental sequences with uniquely determined DSB sites, eight showed apparent fill-in of a 3′ overhang on at least one end of the DSB.
In many systems, crossover points for illegitimate recombination events often occur at microhomologies (usually only a few base pairs) common to the two sequences, with one copy of the microhomology being retained at the newly formed junction (23) (24) (25) (26) . Although three of the zinostatin-induced exchanges had 4-5 bp microhomologies between aprt and non-aprt parental sequences at the respective breakpoints, only one of the six resulting junctions (Fig. 1F , right-hand junction) was consistent with microhomology-based splicing of the two sequences. Thus, models involving end joining by singlestrand exposure and annealing (27, 28) are apparently not applicable to these exchanges. There were no non-templated nucleotide additions at any of the junctions. show pairing of cleavage sites in opposite strands, on a two base 3′ stagger. Lines above and below indicate the extent of sequences from each parent that were unequivocally retained in each repair joint; dotted portions indicate sequences that were present in the joints but could have come from either parent. Lines between the strands indicate microhomologies shared by the two parental sequences. Lower case letters indicate nucleotides that were deleted, i.e. not found in either of the final repair joints. The bottom line shows joint sequences (one strand only), with sequences that could have come from either parent shown in parentheses. Numbering of aprt sequence positions follows the convention of Phear et al. (17) . Longer segments of the non-aprt sequences (110-348 bp) have been deposited in GenBank (accession nos AF452455-AF452463).
Most but not all zinostatin-induced exchanges are intrachromosomal
To determine whether the aprt and non-aprt sequences involved in each rearrangement were on the same chromosome, metaphase spreads of each mutant cell line were hybridized with probes corresponding to sequences 50 kb upstream (λDM2, green fluorescence) and 10 kb downstream (λB21, red fluorescence) from aprt (15) . As reported previously (29) , in the original CHO-K1 parental line these probes produced two yellow (red + green) signals as expected, corresponding to the two aprt loci on chromosome Z4 (which is a pericentric inversion of the normal chromosome 3) and chromosome Z7 (30) . In the CHO-D422 cell line, an aprt hemizygote from which all the zinostatin-induced mutants were generated, only the signal on Z4 was retained and, as expected, the same single coincident (or nearly coincident) signal on Z4 was seen in zinostatin-induced base substitution (E4A) and small deletion (F5B) aprt mutants (Fig. 3A-C) . In the zinostatin-induced reciprocal exchange mutants, four different patterns were detected. Mutants G4A, L3A and A6A were indistinguishable from the CHO-D422 parental line, with a single coincident yellow signal on an apparently unaltered Z4 chromosome (Fig. 3D-F) , suggesting that these rearrangements were intrachromosomal and confined to the immediate vicinity of aprt. Mutant B7A had a normal appearing Z4 with a slight but consistent separation of the red and green signals (Fig. 3G) , suggesting an inversion or other rearrangement encompassing a slightly larger region of the chromosome (the separation could be more clearly seen in interphase nuclei; see cover of this issue). Mutant C6A showed a Z4 of slightly altered morphology (Fig. 3H) , in which the red signal was translocated from the long to the short arm, consistent with an inversion encompassing the centromere. Mutant B8A showed red and green signals well separated on a new chromosome about twice the size of Z4 (Fig. 3I) , suggesting a complex rearrangement involving at least one other chromosome. Finally, mutants E5B, E6B and L5A showed red and green signals separated to different chromosomes (Fig. 3J-L) , consistent with an interchromosomal reciprocal translocation with one breakpoint within aprt. Thus, five of nine zinostatin-induced exchanges were intrachromosomal, as opposed to only one of seven bleomycin-induced translocations (P ≈ 0.08) (7). The interchromosomal exchanges did not have any consistent characteristics at the sequence level that distinguished them from the intrachromosomal exchanges.
Zinostatin-induced reciprocal exchanges are not accompanied by global chromosomal instability
A previous study of aprt rearrangements induced by the radiomimetic antibiotic bleomycin showed that all but one of them were highly conservative reciprocal exchanges between unrelated sequences (7), similar to those described herein. Cytogenetic analysis of these mutants revealed that all but one of the exchanges were interchromosomal and that most were accompanied by several additional chromosomal alterations, with considerable heterogeneity among individual cells of each mutant clone. These results suggested a possible phenomenological link between bleomycin-induced reciprocal translocations and global chromosomal instability.
To determine whether zinostatin-induced reciprocal exchanges were associated with a similar chromosomal instability, mutants harboring such exchanges were subjected to GTG banding (Table 1 ). In stark contrast to the bleomycininduced reciprocal exchange mutants, the zinostatin-induced reciprocal exchange mutants, including those showing translocations at the chromosomal level, had much more stable karyotypes (1.0 ± 0.3 versus 4.4 ± 0.7 chromosome alterations per cell, P < 0.001). Although some individual lines were analyzed 5-10 passages later than others, average ages of the zinostatin-and bleomycin-induced cultures at harvest were similar and there was no apparent tendency for later passage cells to harbor either more or fewer chromosomal alterations. Figure 1 . Numbers indicate the specific deoxyribose carbon attacked in each nucleotide. The second line shows the predicted DNA ends, with 5′-or 3′-phosphate (p), 3′-phosphoglycolate (circle) and 5′-aldehyde (square) termini indicated; lower case letters indicate nucleotides that were unequivocally removed from the final joint. The third line shows trimming and/or other intermediate processing, including removal of 3′-phosphate and 3′-phosphoglycolate groups; 5′-aldehyde nucleotides are also assumed to be removed, since they cannot be ligated. The last line shows the final repair joints, with overlines and underlines indicating nucleotides that must have been filled in by de novo synthesis. To determine whether chromosomal instability in the bleomycin-induced mutants might have arisen by some effect of bleomycin treatment distinct from the reciprocal translocation itself, mutants harboring bleomycin-induced base substitutions and single base (-1) deletions, derived from the same treated cultures as the translocation mutants, were also subjected to GTG banding. All of these point mutants had stable karyotypes similar to those of parental D422 cells and of the zinostatin-induced rearrangement mutants (Table 1) . Thus, chromosomal instability appeared to be specifically associated with bleomycin-induced translocation events, rather than with bleomycin treatment as such. However, zinostatin-induced reciprocal exchanges, even though they were very similar to bleomycin-induced exchanges at the molecular level, were not associated with chromosomal instability.
DISCUSSION
While chromosomal reciprocal translocations induced by ionizing radiation and radiomimetic compounds have been studied exhaustively, very few of these events have been examined at the DNA sequence level. For the purposes of elucidating the detailed processing involved in such events, radiomimetic drugs have the distinct advantage of inducing breaks that have a defined geometry and chemistry and are to some extent sequence specific. Thus, in the case of bleomycininduced translocations in CHO aprt, we were able to establish a statistically significant correspondence between translocation breakpoints and potential sites of drug-induced DSBs, strongly suggesting that the translocations were indeed formed by misjoining of exchanged DSB ends (7) . However, all of these mutants also harbored additional chromosome rearrangements that were not present in the parental line and appeared to vary among individual cells in the culture. This result suggests that the mutants had acquired some degree of global chromosomal instability, raising the possibility that the observed translocations could have been a result of this instability, rather than a direct result of misjoining of bleomycin-induced DSBs.
The large-scale aprt rearrangements induced by zinostatin were very similar to those induced by bleomycin under the same conditions; they constituted a similar proportion of the total mutants, they were all reciprocal exchanges, they rarely involved loss of >1-2 bp from the parental sequences and they showed a conspicuous absence of even very short homologies at the breakpoints. Curiously, however, the zinostatininduced mutants showed little if any evidence of chromosomal instability; rather, except for the chromosomes directly involved in the aprt translocation, the pseudodiploid karyotype of the CHO parental line was preserved. This result strengthens the argument that these translocations result directly from misjoining of zinostatin-induced DSBs rather than from some indirect effect on overall chromosomal stability. Unfortunately, the two base stagger of the zinostatin-induced breaks undermines attempts to establish a correlation between such sites and translocation breakpoints, because it increases the probability of fortuitous correspondence between cleavage sites and breakpoints. Thus, although all but one of the translocations were consistent with misjoining of exchanged DSB ends, the conclusion that the exchanges probably resulted from DSB misjoining is based more on a lack of plausible alternative mechanisms than on the sequence specificity of these events.
An adventitious feature of the two base stagger of zinostatininduced DNA cleavage is that analysis of the resulting exchange events can in theory provide insight into the fate of 3′ overhangs on DSBs. From such analysis, it could be inferred that 3′ overhangs were often preserved during end joining. Preservation of 3′ overhangs has also been demonstrated for end joining in cell extracts and appears to involve fill-in of the 3′ overhang primed from the 3′ terminus of the opposite end of the break (Fig. 2) , with the two ends being aligned by Ku protein (20, 22, 31) . It would thus be predicted that 3′ overhangs would not be preserved during end joining in Ku-deficient cells, but the lack of a Ku-deficient, aprt-hemizygous CHO strain has precluded a direct test of this hypothesis. Our own attempts to generate such a strain have thus far been unsuccessful, but it might be possible to perform similar studies using some other locus, such as the much larger hprt gene, as a target.
Although there are significant differences between zinostatin and bleomycin in both the chemistry and the geometry of the induced DSBs, it is not immediately clear how such differences could account for the specific observed differences in the resulting rearrangements or in genomic stability. In particular, unlike zinostatin-induced DSBs, bleomycin-induced DSBs are predominantly either blunt ended or have single base 5′ overhangs and always have 5′-phosphate termini (9, 32) . A previous study in CHO cells (33) suggested that the structure of DSB termini may be important determinants of their potential to trigger chromosomal instability but, curiously, in this case bleomycin and zinostatin both induced instability while restriction endonucleases did not. Another difference is that zinostatin, unlike bleomycin, is highly unstable in dilute solution (34) , so that even though it was replenished every 12 h, it is likely that most breakage occurred within the first few hours after each replenishment. Thus, zinostatin-treated cells may have sustained several waves of DSBs, while bleomycin-treated cells would have been subjected to a more constant level of breakage. Bleomycin is also noted for inducing large cell-to-cell variations in the level of DNA damage (35) , so it is conceivable that the chromosomally unstable bleomycin-induced reciprocal translocation mutants were derived from a subpopulation of heavily damaged cells, although such cells would presumably be much less likely to survive. Finally, bleomycin is very poorly taken up by mammalian cells (36) , so that the extracellular concentrations required to induce comparable DNA damage and cytotoxicity are ∼1000-fold greater for bleomycin (11) than for zinostatin (12) . Thus, in light of recent evidence for involvement of non-DNA targets in radiationinduced genomic instability (37), one could speculate that perhaps chromosomal instability was somehow triggered by a combination of a DSB misjoining event and bleomycininduced free radical damage to the cell membrane. This proposal could account for the fact that chromosomal instability was seen in bleomycin-induced rearrangement mutants, but not in either zinostatin-induced rearrangement mutants or bleomycin-induced base substitution and small deletion mutants.
Only a few other reciprocal translocations induced by DNA double-strand-cleaving agents have been sequenced. Chemotherapy patients treated with DNA topoisomerase II inhibitors often develop secondary leukemias harboring t(4,11) or t (11, 15) reciprocal translocations that could arise by misjoining of drug-stimulated, topoisomerase-mediated DSBs. Molecular analysis of translocations in three such leukemias (38, 39) revealed highly conservative reciprocal exchanges, similar to those presented here. Intriguingly, t(4,11) translocations in primary leukemias were much more complex, with deletions and duplications of hundreds of base pairs, supporting the view that the simpler chemotherapy-associated translocations were in fact formed by misjoining of drug-induced DSBs.
In contrast, however, reciprocal translocations in mouse embryonic stem cells, resulting from site-specific enzymatic cleavage at two I-SceI sites on two different chromosomes, showed much larger terminal deletions at the junctions, ranging from 13 bp to >2 kb (40) . In this model system, each I-SceI site was positioned in a defective bacterial neo (neomycin resistance) gene introduced into the genome by homologous recombination. Upon expression of I-SceI, breakage at the two sites would result in a 538 bp direct repeat at two of the resulting DNA ends, and detection of a translocation depended on decatenation of this repeat to a single copy at the newly formed junction (producing a functional neo gene). This unusual requirement may have somehow promoted deletions at the second junction as well. A second difference is that these experiments, unlike those of the present study, were performed in log phase cultures; thus, it is possible that end-joining events tend to be more conservative in confluence-arrested G 0 phase cells than in log phase cells. A third possibility is that embryonic stem cells, which seem to depend more heavily on the homologous recombination pathway for DSB repair (41), may have a less well-developed, more error-prone non-homologous end-joining pathway(s) than adult somatic cells. A fourth possibility is that the modified termini of free radical-mediated or topoisomerase-mediated DSBs may protect the termini from exonucleolytic degradation until they are sequestered by repair complexes; thus, enzymatically induced DSBs may be more susceptible to degradation. Finally, it is possible that artificially introduced sequences may have an altered chromatin conformation or some other unusual structural property that tends to reduce the fidelity of end joining.
Thus, because of the difficulties of the experimental systems, relatively little is known of the factors that control the quite variable extent of terminal deletions during end-joining repair. Analysis of many more misrepair events, involving various types of DSBs, in a variety of normal and repair-deficient cells will be required in order to achieve even a rudimentary understanding of the mechanisms that enforce the fidelity of end joining, and of why these mechanisms sometimes fail. Table 1 . Chromosome alterations in zinostatin-induced and bleomycininduced aprt mutants a Excluding chromosome Z4, site of the aprt locus. b Cytogenetic heterogeneity was assessed according to the fraction of metaphases that had at least one altered chromosome not present in the dominant karyotype. Those with >40% were scored positive (+); those with 20-40% were scored marginal (±) and those with <20% were scored negative (-).
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